The present capabilities of methods available to predict turbulent, reacting flows with recirculation have been demonstrated in studies directed to the evaluation of combustor performance (e.g., [1] [2] [3] ). The results, though encouraging, suggest that systematic testing is needed to validate the mathematical models employed by such methods. For example, well controlled experiments need to be conducted, and complexities need to be introduced one at a time. A major requirement of such an approach is to first test the performance of the models against the experiment in the absence of reaction and heat release.
Introduction
The present capabilities of methods available to predict turbulent, reacting flows with recirculation have been demonstrated in studies directed to the evaluation of combustor performance (e.g., [1] [2] [3] ). The results, though encouraging, suggest that systematic testing is needed to validate the mathematical models employed by such methods. For example, well controlled experiments need to be conducted, and complexities need to be introduced one at a time. A major requirement of such an approach is to first test the performance of the models against the experiment in the absence of reaction and heat release.
In earlier work, tests for the description of mass and momentum transport have been conducted in the absence of reaction and heat release [4, 5] . The present investigation extends the tests to include the transport of heat.
The flow configuration consists of a turbulent pipe flow with an on-axis jet opposing the main flow (Fig. 1) . A highly turbulent recirculation zone results from the interaction of the two flows. The flowfield has distinctive features that make it particularly attractive from both experimental and analytical viewpoints. First, the recirculation zone is not attached to solid walls. Secondly, the range of velocity gradients, turbulence levels, and mixing lengths is increased over that offered by bluff bodies. The isolation of the recirculation zone from solid boundaries frees the analysis from complicated questions associated with the boundary condition specifications, while the extension of the range of turbulence In the present case, the accuracy of the predicted mass transport was assessed by comparing the predicted and measured axial and radial transport of a tracer species, carbon monoxide, which was introduced through the jet with experimental data. Momentum transport was assessed by comparing predicted values of velocity and turbulence intensity with their measured values. Heat transport was assessed by heating the jet and comparing predicted values of mean and RMS temperature with experimentally measured values. opposing axisymmetric jet. The diameter of the jet was 1.3 mm and the jet exit was located at xld = 3.54 (i.e., 180 mm from the inlet plane). The jet tube was a circular cylinder with an outside diameter of 6.4 mm. The exit plane of the tube was located at xld = 4.71.
Operating Conditions. Table 1 summarizes the four experimental operating conditions considered in this study.
Velocity Measurements. Velocity measurements were made using a laser anemometer system. One thousand samples of instantaneous velocity were taken at each measurement point within the flowfield. These measurements allowed the subsequent determination of the time-mean and root mean square values of the axial velocity.
The laser anemometer system was operated in a differential doppler mode using forward scattered light collection. Two beams, split from a 15 mw helium-neon laser (Spectra-Physics Model 124B), were focused through a 250 mm lens to form a fringe spacing of Transactions of the ASME
The measurement of the mean and in particular the root mean square temperature fluctuations requires care and attention in the selection of the geometrical and operating characteristics of the sensor. For example, the sensor length must be much smaller than the length scales associated with the energy containing eddies so as to minimize the effects of spatial averaging [6] but the sensor length must be long enough so that sensor supports have a negligible effect on the sensor response [7] [8] [9] . The sensor current must be high enough so that there is a reasonable signal to noise ratio but the current must be low enough so that the sensitivity to velocity is negligible [10] . In addition, the sensor diameter must be small enough so that the corresponding frequency response is higher than that corresponding to the energy containing scales but must be large enough so that the sensor is mechanically robust.
The frequency response at 15 m/s of the thermister and associated d.c. bridge was estimated to be no more than 1Hz, while the frequency response of the cold wires was estimated to be about 1.5kHz [10] . The length scales and frequencies of the energy containing eddies are estimated to be half the radius of the main tube (i.e. 1.25 cm), which at a velocity of 15 m/s corresponds to a frequency of 1.2kHz. Thus the lengths of both sensors are small enough so as to permit the measurement of mean temperature while the length and frequency response of the cold wire permit the measurement of the root mean square temperature. The velocity sensitivity based on the results of reference [10] is estimated to be at most 3.0 X 10" 3 °C (m/s)-1. Typical errors in the mean and in the root mean square temperature are respectively 0.01 and 0.02 °C. Thus the error due to velocity sensitivity is negligible compared to the mean temperature which is nominally 1 °C.
The reduction in the measured root mean square temperature relative to the true mean square temperature due to heat conduction to the sensor support is estimated to be less than 12 percent [8] .
The accuracy of the measured mean and root mean square is also related to the averaging and data reduction procedure. Both sensors and associated electronics were directly calibrated as a function of temperature so that the output was directly interpretable in terms of temperature, Q(x,y,z,t), measured relative to the fluid temperature in the undisturbed pipe flow. The mean temperature from both the thermister and resistance thermometers was obtained by means of an averaging voltmeter, while the root mean square temperature was obtained by means of an averaging root mean square voltmeter. Averaging times of 10-30 seconds were used to obtain the statistical quantities reported herein. These averaging times correspond to averaging of at least 3500 integral time scales which should be adequate so as to insure good statistical reliability. Repeated measurements at the same nominal position in the flow indicate that the variation in relative mean temperature is less that 15 percent and that of the root mean square temperature is less that 5 percent. The primary reason that the variance of the relative mean temperature is greater than that of the root mean square temperature is that the former is determined from the differences of two variables (T t and T), which are the same order of magnitude, while the latter is obtained directly.
Consideration of all the sources of error discussed in the proceeding indicates that the error in the measured and root mean square temperature is less than 15 percent.
Mathematical Model
The Mean Flow Equations. The equations 1 which describe 
(1)
In equations (1) to (4), terms involving density fluctuations have been neglected. This is justified in the flows under consideration for the following reasons. In the isothermal case the molecular mass of carbon monoxide and air are almost equal. In the case of the heated jet, the difference between the inlet mean temperatures of the jet and the main flow represents only 10 percent of the main flow temperature. For the axisymmetric geometry of Fig. 1 , two momentum equations (for the axial and radial directions) are reguired. The five equations (l)-(4) form a closed set when r, ; , u t h, and uj, are known. This is discussed in the next section.
The Turbulence Model. In order to close the above set of equations the stress tensor r,y, and turbulejit heat flux p u t h and the inert species turbulent mass flux p uj, axe evaluated by means of the standard k-e turbulence model. In this model, the components of r y are calculated from the following algebraic relation:
where
In the foregoing equations k is the kinetic energy of turbulence (k = 1/2 UjUj) and e is the rate of dissipation of that energy (e=c (dw,/d*,) 2 ). The spatial distribution of k and e are obtained from the solution of the following transport equations:
( pt / /£ ) = A(M *L) + ( c,G-C 2 p e )
dx, \ o\ dx, / 9t/,. , G= -pu,u, --and dx, C, and C, are constants. 
and C n and C n are constants. The set of constants used in the turbulence models are given in Table 2 .
The values of the first five constants are adopted from Launder and Spalding [11] . The value of C n was first obtained from comparisons with experimental data of concentration fluctuations in isothermal flows [12] . The value of Cj^ adopted in [13] was 2; however, the value used here, 1.4, is consistent with the experimental data of the decay of scalar fluctuations in grid turbulence [14] , [15] .
The Boundary Conditions. To complete the mathematical formulation, boundary conditions must be specified along the boundaries of the integration domain. Along the symmetry axis, the radial gradient vanishes for all variables except the radial velocity which equals zero. The inlet velocity profiles for the main flow are specified from the experimental data; for the jet the profile is assumed to be of the plug type. The values of k and e at the inlet planes are prescribed by specifying the intensity and the scale of turbulence at the inlet.
At the exit plane, it is assumed that the axial gradients for all variables are zero. Along the top cylindrical wall, the axial and radial velocities equal zero. The wall functions [1] are used to calculate the values of the generation and dissipation of k and e at the near wall node based on the assumption of Couette flow.
The Numerical Solution Procedure. The set of equations (1-4), (7), (8), (10) described above, together with their boundary conditions, was solved by an iterative finite difference procedure based on the Simple algorithm of Patankar and Spalding [16] , but modified for elliptic flows. The grid refinement tests were carried out using three nonuniform grids: 16x12, 25 x 12, and 25 x 20, where the larger number of nodes was in the axial direction. The 25 x 20 grid was employed for the computations presented here.
A typical CPU time required for achieving a converged solution (300 iterations) was 5 minutes on a DEC 10 computer (equivalent to CDC 6400). The convergence criterion employed is that the maximum residual R$ is less than 10~4, where R^ = (convection + diffusion + source)/</> reference , and <t> is the dependent variable solved for.
Results and Discussions
The experimental and predicted results are presented for the cold and heated flows at 15 m/s and 7.5 m/s inlet velocities in Figs. 2 through 8 . These include radial profiles of the timemean axial velocity, the distribution of kinetic energy of turbulence along the center line of the tube, the radial profiles of the time-mean and the RMS temperature, and radial profiles of CO volume-fraction.
The Time-Mean Axial Velocity. Figure 2 shows the radial distributions of (U/U CLJ ) at two axial locations (xld = 2.95, 3.15) for both the cold and heated flows with U mJ = 15 m/s. At these stations velocity measurements were obtained at radial locations of r/R equal to or greater that 0.2 due to the biasing adjacent to the center line that was caused by the absence of seeding in the jet. At these radial locations, the predicted velocities are in fair agreement with their experimental values.
The two velocity profiles of the cold flow indicate that the stagnation point along the centerline of the jet lies between the two stations of xld = 2.95 and xld = 3.15 where the normalized center-line velocity drops from 0.4.to -1.0. The respective profiles for the heated jet demonstrate that its stagnation point is located upstream the station of xld = 2.95, i.e. the recirculation zone is longer for the heated than for the cold jet. The predicted center line velocities for the heated flow attain larger negative values compared to their values in the cold flow. This is because the velocity of the heated jet is approximately 11 percent higher than that of the cold jet. The momentum of the jet is 21 percent and 27 percent, respectively, of that of the main flow for the cold and heated cases. The Kinetic Energy of Turbulence. Figure 4 displays the predicted distribution of (« 2 /C/ 2 ) CL . for the cold and heated flows of U mi = 7.5m/s. The value of H 2 was approximated as (2/3)k. In the cold flow, the first peak of the turbulence intensity along the centerline is associated with the boundary of the recirculation zone at x/d =2.5. The second peak (at x/d~3.4) is just upstream of the jet exit (x/tf=3.54) where the boundary of the small diameter (1.3mm) jet with large negative velocity interacts with the much slower mainstream. At that station, the production of k reaches a maximum at the shear layer between the two flows and is then transported to the axis. It is seen that the first peak in the heated flow is farther from the jet exit than in the cold flow. This is consistent with the discussion of the mean velocity results. The experimental values of (u i /U 2 ) CL at the three axial locations are shown for both the cold and heated flows. These locations are outside the recirculation zone (i.e., farther from the jet exit). These values are in good agreement with the predictions.
The Time-Mean and RMS Temperature. Figure 5 shows the radial profiles of 9/9 max and T /9 max at x/d = 2.56 for the 7.5 m/s flow. Because of interference between the probe and jet body, measured values were not obtained at radial locations of r/R less than 0.15. The predictions depict a peak at r/R of 0.1 in the r'/9 max distribution; this is associated with the steep gradient in 6/9 max at that radial location. In Figures 6 and 7 show the radial profiles of 9/9 max and r'9 max at four axial locations for the 15 m/s flow. The axial and radial thermal extent of the heated jet is shown on both figures. It is interesting to note that, as expected, the radial extent of the temperature fluctuations is larger than that of the mean temperature at all the four stations.
The mean temperature is well predicted at stations farther from the jet exit and overpredicted near it. This may be attributed to overpredicted turbulent diffusion coefficients which could be due to low predicted values of e or due to the use of a constant o H .
At the station x/d = 2.95, the predicted 9/9 max is in excellent agreement with the experimental data. However, at the same station, the temperature fluctuations are underpredicted. This may suggest a lower value of C n or a high value of C n than those employed in the present predictions, For the 7.5 m/s flow, F v is overpredicted near the axis and underpredicted in the outer region (r/R > .5). However, F" is underpredicted for the 15 m/s flow. Again, this points out the need for a closer look at the e equation and for a distribution of o> instead of the constant value used in the present predictions.
Conclusions
The present contribution provides detailed measurements of velocity, temperature, and concentration in a turbulent inert recirculating confined flow with the objective of validating current mathematical models of turbulence.
Although fair agreement is obtained between the measured and predicted mean velocity field, discrepancies occur between the experimental data and the predicted time-mean temperature, time-mean concentration and RMS temperature fluctuation.
The need exists for a closer examination of the e equation and the assumption of the constant turbulent Prandtl and Schmidt numbers. One such example is a recent development of the k-t model [19] . In order to improve the predicted distribution of the temperature fluctuation a transport equation for the dissipation rate of this fluctuation must be solved.
